Substantial potential steps ∼ 0.5 eV are frequently observed in organic multilayers of donor and acceptor molecules. Often such potential steps depend on the order in which the individual layers are deposited, or on which substrate they are deposited. In this paper we outline a model for these potential steps, based upon integer charge transfer between donors and acceptors, charge equilibration across the multilayer, and simple electrostatics. Each donor, acceptor, or substrate material is characterized by a pinning level, and the potential profile can be deduced from the sequential order of the layers, and the differences between their pinning levels. For particular orderings we predict that intrinsic potential differencess lead to electric fields across individual layers, which may falsely be interpreted as band bending.
Introduction
Organic electronic devices usually consist of several thin film layers with corresponding interfaces that facilitate different functionalities, such as charge injection, transport, or charge separation/recombination [1, 2] . Consequently, a detailed understanding of interface properties, energy level alignment in particular, is critical for guiding the improvement of device performance. The energy level alignment at all-organic and hybrid organic-inorganic interfaces has been the subject of extensive research efforts in recent years [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The interaction between the materials at organic interfaces often is rather weak. It does not involve the formation of chemical bonds at the interface, which determines the band offsets at inorganic heterojunctions [13, 14] . To describe the potential offsets observed at organic interfaces, an empirical model has been formulated, based on the transfer of (an integer number of) electrons across an interface [7, 15] . Recent theoretical work has shown that the assumptions of such an integer electron transfer, combined with simple electrostatics at the interface, allows one to calculate the potential offset at an interface [16] .
The potential profile of a multilayered structure is likewise determined by electron transfer between the different organic layers, and between the substrate and the organic overlayers [15] . Such a charge equilibration throughout the whole multilayer has been demonstrated in TTF / TCNQ stacks, for instance. The Fermi level of a TTF / TCNQ stack deposited on a low work function substrate is pinned by the top layer, irrespective of whether the stack starts with a TTF or a TCNQ layer [17] . This occurs only if all acceptor layers (TCNQ) are in equilibrium with both the substrate and the donor layers (TTF). Charge equilibration across an organic multilayer stack has some remarkable consequences. For instance, the potential step observed at a particular organic heterojunction can apparently depend upon the sequence of the different organic layers in the multilayer [18] .
In this paper we extend the integer charge transfer model to describe the potential profile in multilayer stacks containing organic-organic and/or metal-organic heterojunctions. The profile can be derived from the Fermi energy pinning levels of the individual organic donor and acceptor layers and the metal work functions. We find that the potential step at any heterojunction is fixed by the difference between the pinning levels or work functions left and right of the interface. In other words, the potential step is a property of the particular junction, and is independent of the other layers in the multilayer stack. However, charge equilibration within the stack can result in additional potential gradients across organic layers, which depend on the sequence of the layers in the stack.
Such a potential gradient has been found in TTF / TCNQ multilayers [17] . Our model shows that such gradients are quite general, and can be used to explain the apparent dependence of interface potential steps upon the layer sequence [18] , or interpret cases where apparent "band bending" is observed [19] . This paper is organized as follows. In section 2 we explain our model for potential steps at interfaces and ac-cross organic multilayers. We find that trilayers consisting of one donor and two different acceptor layers, or one acceptor and two different donor layers, cover the possible distinct logical cases. Conceptually, a metallic substrate can play the role of either a donor or an acceptor layer.
In section 3 we demonstrate the model on a number of examples, and section 4 contains the conclusions.
Theory

Charge transfer across a single interface
A simple model is presented describing the potential energy step at a single interface, caused by charge transfer between a layer of donor molecules (D) and a layer of acceptor molecules (A), see Fig. 1(a)-(c) . We restrict ourselves to the case where the interactions between neutral molecules are small, and neglect the small induced dipoles caused by those intermolecular interactions [20, 21] . Likewise we neglect temperature effects [12] .
We show that the potential step at a donor-acceptor interface can be interpreted as the difference between characteristic energy levels of the donor layer W + D and acceptor layer W − A , the so-called "pinning levels". A metal can act as either a donor or an acceptor layer. Potential energy steps at metal-donor or metal-acceptor interfaces can then be described within the same model, with the metal work function W M playing the role of pinning level.
We consider a layer of acceptor molecules (A) stacked on top of a layer of donor molecules (D), Fig. 1(a) -(c), and assume that N donor molecules have transferred one electron each to an acceptor molecule. The change in total energy with respect to the neutral case is
A the ionization potential of a donor molecule, and the electron affinity of an acceptor molecule, respectively. E 0/− A is the total energy of a neutral/negatively charged acceptor molecule and E 0/+ D is the total energy of a neutral/positively charged donor molecule. E C (N ) is the electrostatic interaction energy between all charged molecules, polarization effects included.
A transfer of electrons between two layers results in a potential energy step along the direction normal to the layers. The simplest model for the electrostatics in a layered geometry is a parallel plate capacitor, which gives a potential energy step
with C the capacitance. It also suggests a simple model for the electrostatic energy
where the first term on the right-hand side is the energy required to charge a parallel plate capacitor. This is a simple continuum model for the interface charging energy, which means that, besides containing the Coulomb interactions between the charged molecules, it also contains Coulomb interactions associated with charging individual donor and acceptor molecules. The latter are per definition accounted for in the ionization potential and the electron affinity of the molecules. To avoid double counting of these molecular charging energies, they have to be subtracted, if E C is to represent the Coulomb interaction between the charged molecules only . The double counting correction is represented by the second and third terms on the right-hand side of Eq. (3) It is in principle possible to calculate the charging energy B + D or B − A of an individual donor an acceptor molecule [22, 23] , but this is not required here as we will show. Note however that the molecular charging energy generally decreases with the size of the molecule [22, 24] . More specifically, it decreases with increasing delocalization of the electrons or holes.
In equilibrium the total energy with respect to the number of charged molecules E(N ), Eq. (1), should be minimal, implying dE/dN = 0, which determines the number of electrons transferred N . Using this in Eq. (2) then gives
Note that we measure the potential energy step from the donor to the acceptor, which means V ≥ 0, see Fig The same model can be applied if the donor or the acceptor material is a metal. The ionization potential and the electron affinity are then given by the work function of the metal, I = W M , A = W M . Moreover, as the charge carriers in a metal are fully delocalized, B +/− = 0. The potential steps going from a metal to an acceptor material, respectively from a donor material to a metal, are given by
Again V ≥ 0, as illustrated in Fig 
Pinning levels can be obtained from experiment [7, 15] , or from first-principles density functional theory calculations [16] . The ionization potential and electron affinitiy I D and A A of a molecule may depend on its local surroundings. The effect of polarization of the environment by a charged molecule drops out in the present model. Changing the polarization energy by P leads to I D = I D − P and A A = A A + P . However, all energies associated with charging should be affected similarly, so
This implies that the pinning levels are not affected, i.e.
A similar argument cannot be constructed for the effects of the static electrostatic environment of a molecule. A change in the static environment can change the ionization potential considerably, as is demonstrated convincingly on molecular layers with different orientations [25] . The pinning level would be affected in a similar way. Therefore, molecular layers with different orientations should be treated as separate layers, each with its own pinning level.
A comparison to Eq. (4) shows that the potential step V at a donor-acceptor interface is given by the difference in pinning levels W 
Charge equilibration in trilayers
The model can be easily extended to describe multilayers. We will illustrate this on trilayers of donor and acceptor molecules. In a trilayer several different combinations and orderings of donor and acceptor layers are possible. Each possibility is discussed separately below. As discussed in the previous section, a metal can play the role of either a donor or an acceptor, so the results also hold for a stack of two different organic layers deposited onto a metal substrate.
We start with two layers of acceptor molecules (A 1 , A 2 ) stacked on top of a layer of donor molecules (D), as shown in Fig. 2 . Assume that the acceptor layers have received N 1 , N 2 electrons, respectively. A straight-forward generalization of Eqs. (1) and (3) gives the total energy as (7) and the electrostatic energy as
Within a parallel plate capacitor model, the potentials V 1 , V 2 of acceptor layers A 1 , A 2 are given by
Minimization of the total energy with respect to N 1 and N 2 then leads to simple expressions for the potential energy levels.
It means that, if the charge equilibrates across the trilayer, the potentials inside the different layers are determined by the pinning levels. This derivation assumes that
. This situation is shown in Fig. 2 (a)-(c) . The potential step V 1 is between the donor and the acceptor layer A 1 . The increase of the potential from V 1 to V 2 occurs gradually over the acceptor layer A 1 . In other words, the potential step
is across the whole layer A 1 , resulting in an intrinsic electric field across this layer. The field will drive negative , then V 2 = V 1 , and N 2 = 0, i.e. there is no electron transfer to the acceptor layer A 2 . This situation is shown in Fig. 2 (d)-(f) . The electron transfer to layer A 1 shifts the electro-chemical potential to a value inside the gap of acceptor A 2 , below the pinning level of this acceptor. This renders the layer A 2 inactive as an acceptor. Between layers A 1 and A 2 there is an alignment of the vacuum level.
We have also assumed that W
, then the acceptor layer A 1 is not involved in any electron transfer, and acts as an insulator. The potential profile then looks like that of Fig. 2 (b) , but without the step V 1 between donor D and acceptor A 2 , i.e. V 1 = 0. The potential increase to V 2 takes place across the whole layer A 1 as before. If
, then the acceptor A 2 is inactive, and the potential profile is that shown in Fig. 2 (e) . No charge carrier in layer A 1 would then experience a field-induced drift towards either interface in absence of an external bias, unlike the case illustrated in Fig. 2(a)-(c) .
The special case W layer A 2 . This is obviously the case if the two acceptor layers are identical, A 1 = A 2 . The result implies that at a donor-acceptor interface with a homogeneous acceptor material, all transferred electrons tend to be as close to the interface as possible, i.e. within the molecular layers right at the interface.
The analysis works in a similar way for other types of multilayers. Consider one layer of acceptor molecules (A) stacked on top of two layers of donor molecules (D 1 , D 2 ), as shown in Fig. 3 (a)-(c) . The potentials resulting from charge equilibration throughout the trilayer are given by
This expression assumes that
, as in Fig. 3 (a)-(c) . A potential increase V 2 occurs over the whole donor layer D 2 , and between donor layer D 2 and the acceptor layer there is a potential step Correspondingly, a potential step V 2 occurs between donor layer D 2 and the acceptor layer, as Fig. 3 (d)-(f) . There is no intrinsic electric field across donor layer D 2 in contrast to the case shown in Fig. 3 (a)-(c) .
We have assumed that W
, then the donor layer D 2 is inert. The potential profile is similar that of Fig. 3 (b) , but without the step V 2 − V 1 between donor D 2 and acceptor A, i.e. V 2 = V 1 . The potential increase to V 1 takes place across the whole donor layer D 2 , which acts as an insulating layer.
, then the donor D 1 is inactive, and the potential profile is as in Fig. 3 (e) .
Another posibility is to have the acceptor layer sandwiched between the two donor layers D 1 and D 2 , see Fig. 4 
A potential step V 1 is between the donor layer D 1 and the acceptor layer A, and a second step
A is between the acceptor layer and the donor layer D 2 . Note that V 1 > 0 and V 2 < V 1 . Finally there is the possibility of a donor layer sandwiched between two acceptor layers A 1 and A 2 . This situation is shown in Fig. 4(d)-(f) .
In all the cases we have considered so far, there is at (10), (12), or (14) , by the work function of the metal W M . The donor/acceptor/metal combinations considered above enable one to work out the potential profile resulting from charge equilibration in any multilayer stack.
Discussion
We discuss a number of examples of multilayers and interpret the potential profiles observed in various experiments according to the model outlined in the previous section. The examples we pick, illustrate the different cases shown in Figs. 2-4 . Table 1 summarizes the pinning levels and the work functions of the materials discussed in this paper. Pinning levels are obtained from first-principles calculations [16] , or from experiment [7, 15] . To establish a pinning level experimentally, one organic material is deposited on a range of metallic substrates with different work functions. Metal work functions are taken from experiment, as they very much depend on the particular surface conditions used. Table 2 gives the potential levels V 1 and V 2 calculated for trilayers of these materials from the pinning levels and work functions of the individual materials. The agreement with the experimental levels obtained in measurements on trilayers is very good. In the following we will dicuss these trilayers one by one.
As a first example, in Ref. [26] layers of C60 and sexithiophene (T6) molecules are deposited on a Au substrate. C60 is an acceptor molecule and the calculated pinning 
Refs.
level of a C60 layer is W Fig. 5(a) .
These numbers are in good agreement with the potential levels observed in experiment [26] . Note however that, whereas the potential step V 1 is between the T6 and the C60 layers, the further increase to V 2 in our model takes place across the whole C60 layer. This means that over the thickness d of the C60 layer there should be an average electric field of (
Interchanging the order of deposition of T6 and C60 layers onto the Au substrate, one obtains the trilayer C60 | T6 | Au. This corresponds to the Acceptor1 | Donor | Acceptor2 case shown in Fig. 4 (e) . Between the C60 and the T6 layer there is a potential step V 1 = 3.8 − 4.4 = −0.6 eV. The potential level of Au with respect to C60 is V 2 = 5.1 − 4.4 = 0.7 eV, which leads to a potential step V 2 − V 1 = 1.3 eV between the T6 layer and the Au substrate. This situation is shown in Fig. 5(b) . Again the numbers are in good agreement with experiment [26] . Note that in contrast to the case discussed above, the potential steps are now between the layers, i.e. there are no intrinsic electric fields across the layers. Fig. 6  (a) .
If the TCNQ and the TTF layers are interchanged to give the trilayer AlO x | TTF | TCNQ, one obtains the Donor1 | Donor2 | Acceptor case shown in Fig. 3 (b) . Across the whole TTF layer there is a potential step V 2 = 4.2 − 3.6 = 0.6 eV. The potential level V 1 = 4.8 − 3.6 = 1.2 eV, implying that between the TTF and the TCNQ layer there is a potential step V 1 − V 2 = 1.2 − 0.6 = 0.6 eV. This situation is shown in Fig. 6 (b) . This analysis agrees with that given in Ref. [17] .
A further example comes from Ref. [18] , where layers of CBP and m-MTDATA molecules are deposited onto a PEDOT-PFESA substrate. A CBP layer has an experimental pinning level W Fig. 7 (a) . A potential step V 1 − V 2 = 0.5 eV occurs between the CBP and the PEDOT layer. These numbers agree with the experimental observations [18] . Again our model predicts that the potential step V 2 takes place across the entire CBP layer.
Interchanging the m-MTDATA and CBP layers leads to the trilayer CBP | MTDATA | PEDOT, and to the Donor1 | Donor2 | Acceptor situation shown in Fig. 3 (e) . In this case, a large potential step V 1 = 5.7 − 4.5 = 1.2 eV occurs between the m-MTDATA and the PEDOT layers. There is a line-up of the vacuum levels between the m-MTDATA and the CBP layers, corresponding to an absense of charge transfer to the CBP layer, as shown in Fig. 7 (b) .
Finally, in Ref. [19] layers of CuPc and C60 are deposited onto a Mg substrate and onto a ITO substrate. CuPc and C60 layers have experimental pinning levels W Fig. 8 (a) . Note that also in this case we predict the potential step V 1 to occur across the entire CuPc layer. The electric field resulting from this potential step may be a source of the "band bending" observed in Ref. [19] .
The stack ITO | CuPc | C60 corresponds to the Acceptor1 | Donor | Acceptor2 situation shown in Fig. 4 Fig. 8 (b) . The experimentally observed potential steps agree with this analysis [19] .
Conclusions
In conclusion, we have developed a model to describe potential steps occuring in organic multilayers of donor and acceptor molecules. The model is based upon the assumptions of integer charge transfer between donor and acceptor layers, charge equilibration across the multilayer, and simple electrostatics. Each donor or acceptor material is characterized by a pinning level, which can be obtained from first-principles calculations, or from experiment. A metallic electrode can replace either a donor, or an acceptor layer within the model, its work function playing the role of the pinning level.
The potential profile in a multilayer can be deduced from the ordering of the layers, and their individual pinning levels. Electron transfer at a donor | acceptor interface results in a potential step equal to the difference between the donor and acceptor pinning levels. This potential step is localized at the interface, and is a property of that particular interface. A sequence of a donor layer and two different acceptor layers, or of two different donor layers and an acceptor layer, can result in a potential gradient across the middle layer. This correponds to an electric field across this layer, which might be falsely interpreted as "band bending". The model is tested on a range of examples.
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